Abstract. Water vapor budget (WVB) analysis is a powerful tool for studying processes leading to precipitation (P), since the linkages among atmospheric dynamics, water vapor fields, surface conditions, and P are constrained by the moisture continuity equation. This paper compares WVB calculations over the US Midwest (MW), the US Southern Great Plains (SGP), and the eastern Mediterranean Sea (EM) during their seasons of maximum P. Despite the interregional differences in time of year, size of region, and surface characteristics, the WVBs over these regions have common features. First, the change in precipitable water (dPW) is highly correlated with the moisture flux divergence (MFD) and not evaporation (E), implying that atmospheric humidity is affected more by the large-scale atmospheric circulation than land-atmosphere interactions. Second, P is positively correlated with moisture inflow (IF/A). However, a pronounced difference exists between the North American and the Mediterranean study regions with respect to the processes associated with increased P. For the MW and the SGP, increased P is associated with moisture flux convergence (−MFD) due to increased IF/A. In contrast, increased P over the EM is not associated with −MFD, since both the outflow (OF/A) and IF/A increase at similar rates.
Introduction
The generation of precipitation is a function of atmospheric processes and land/ocean surface characteristics, especially the degree to which they simultaneously are favorable. Many studies have addressed the large-scale circulation patterns and conditions that are conducive for generating precipitation (e.g., for the US: Lanzante and Harnack, 1982; Klein and Bloom, 1987; Peppler and Lamb, 1989 ; and for the Mediterranean region: Aelion, 1958; Ozsoy, 1981; Zangvil and Druian, 1990; Zangvil et al., 2003; Malka, 2006) . From another perspective, the linkages among atmospheric dynamics, the atmospheric water vapor field, the land/ocean surface conditions, and precipitation are constrained by the moisture continuity equation, which contains two basic ingredients for precipitation -large-scale vertical motion and humidity. This makes water vapor budget (WVB) analysis an attractive tool for investigating the processes leading to precipitation. Many such studies have been published for diverse areas (e.g., Rasmusson, 1967 Rasmusson, , 1968 Yanai et al., 1973; Roads et al., 1994; Higgins et al., 1996; Mo and Higgins, 1996; Berbery and Rasmusson, 1999; Ruppecht and Kahl, 2003) .
Early 2000 studies for WVB were published concerning Midwestern US (Zangvil et al., 2001 (Zangvil et al., , 2004 . More recently, work was started on the WVB concerning the US Southern Great Plains as part of the "Cloud and Land Surface
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Interaction Campaign" (CLASIC), under the Atmospheric Radiation Measurement (ARM) Program. ARM is a large US Global Change research program supported by the US Department of Energy. Preliminary results have been reported by Lamb et al. (2008a, b; . Over the eastern Mediterranean, only a few studies have examined the water vapor field (e.g., Zangvil and Druian, 1990; Alpert and ShayEl, 1994; and Mariotti et al., 2002) . Recently, Jin (2005) , Malka (2006) and Jin and Zangvil (2009) performed WVB studies in relation to precipitation processes for several eastern Mediterranean regions, using reanalysis data.
The present study compares the results of WVB analyses for the above domains (Midwestern US, US Southern Great Plains, and eastern Mediterranean) concerning only their main precipitation seasons, in order to improve the understanding of precipitation generation processes. A related group of earlier studies assessed the relative contribution to regional precipitation of locally evaporated versus externally advected moisture, also termed "recycling" or the recycling ratio (e.g., Benton et al., 1950; Budyko, 1974; Brubaker et al., 1993; Burde et al., 1996; and Zangvil et al., 2004) . To facilitate the inter-regional comparison, a recycling ratio normalization procedure was developed in order to account for the effects of the regions' different spatial scales. The recycling ratio normalization procedure was then applied to the study domains of the present study.
2 Theory, data and methods
Moisture budget equation
Following Yanai et al. (1973) , the traditional WVB equation may be expressed in the following form:
dPW MFD Where, q is specific humidity, p is atmospheric pressure, V is the horizontal wind vector, g is the acceleration due to gravity, S and T indicate the land/ocean surface and an upper integration limit, respectively, E is the surface evaporation rate, P is precipitation, dPW is the time change of atmospheric water vapor (precipitable water, PW), and MFD is the horizontal moisture flux divergence.
By applying Green's Theorem to the MFD term in Eq. (1), Zangvil et al. (2004) obtained
where A is the area of the region, v n is the wind component normal to the region's boundary, dl is a length increment along that boundary, and OF/A and IF/A are the total water vapor outflow from and inflow into the region, respectively. The line integral Eq. (2) is evaluated along the region's boundary using the vertically integrated water vapor flux and yields the total regional OF/A and IF/A. Substituting Eq. (2) into Eq. (1) yields
which is illustrated in Fig. 1d . To quantify the advected (IF/A) and locally evaporated (E) origins of P, Zangvil et al. (1992 Zangvil et al. ( , 2004 derived the recycling formula
where, P E is the amount of P originating from local E.
Scale dependence of IF/A and R
Although none of the water vapor budget components is explicitly scale-dependent in Eq.
(1), it is highly conceivable that scale dependence characterizes the WVB. P and MFD, and to a lesser extent E and dPW, are area dependent, since the P patterns are synoptically driven, at least in part. Generally, it was expected that the temporal variability of these components was larger/diminished in small/expanded areas. Also, there is scale dependence in IF/A, OF/A, and the derived R that is explicit in A and implicit in the closed line integral in Eq. (2). Since most of the study regions used in WVB research are nearly square-shaped, consider a square region with an area A and side L. For simplicity, assume the flow to be perpendicular to one pair (zonal or meridional) of the sides of the regions and that the only contribution to the inflow comes from the up-wind side, which reduces Eq. (2) to
Denoting the vertically integrated moisture flux by qv, Eq. (5) may be rewritten as
or,
Thus, due to the scale dependence, it is impossible to make meaningful comparisons of IF/A and R between regions of different sizes. This problem can be overcome by the normalization described next. 
Normalization of inflow (IF/A)
Equation (6a) may be applied to any virtual square region of arbitrary side L 0 and arbitrary area A 0 , to give
Finally, Eq. (6a) and Eq. (6b) are resulting in
Equation (7) may be used to transform the measured vertically integrated moisture flux into region A to the flux into an arbitrary area A 0 . This procedure was applied to produce normalized values of the inflow values (IF/A) 0 using the normalization factor L/L 0 (Table 1) for each of the regions used here (Fig. 1a-c) Midwestern US (MW), US Southern Great Plains (SGP), eastern Mediterranean (EM), (EM1) and (EM2). The arbitrary normalization area was chosen to be Table 1 . Area and normalization information for study regions named in Sect. 2.3 and delineated in Fig. 1 . The normalization area A 0 used (0.7×10 6 km 2 ) was close to the mean of the North American regions and the eastern Mediterranean regions to which it was applied. The normalization factor L/L 0 was obtained as 
Data and analysis
For the MW study (Fig. 1b) , radiosonde data (from the US National Weather Service and the Canadian Atmospheric Environment Service) and raingauge measurements at 600 locations were used for the May-August periods of 1975, 1976, 1979, and 1988 , with a combined total of 488 days (see Zangvil et al., 2001 Zangvil et al., , 2004 for a description of datasets and methodology). For the SGP study (Fig. 1b) (Jin and Zangvil, 2009 ) and EM1/EM2 (Malka, 2006 ) studies ( Fig. 1a and c) , NASA/DAO reanalysis data (including P and E values; see Schubert et al., 1993 for a description of the NASA/DAO reanalysis) were used for eight consecutive winters (October-April) between 1985-1993, with a combined total of 1698 days. In both North American studies, surface E was obtained as the residual of Eq. (1). In the MW, SGP, and EM studies, the WVB components were stratified by precipitation (P) amounts. For the MW and SGP, where P was not model-derived, the P categories were: P<0.6; 0.6<P<2; 2<P<4; 4<P<8; and 8<P mm d −1 . In the EM study, where P was modelderived, the P categories were: 0.01<P<0.15; 0.15<P<0.4; 0.4<P<0.9; 0.9<P<2.2; and 2.2<P mm d −1 . The magnitude of these modeled P data was lower by a factor of ∼2 than P estimates over the EM. All above P categories were chosen so that an approximately equal number of P days would finally belong to each category. For the study regions EM1 and EM2, auxiliary raingauge data were used to determine major rain days in Israel. A major rain day (MRD) at a given station had a P amount of at least 10% of the long-term monthly mean P at that station (Zangvil and Druian, 1990 ).
Results and discussion
Since previous publications contain detailed presentations and discussions of the results for the above study regions, the effort of the present study is to focus on the important inter-regional similarities and differences and their physical implications. Relations between the WVB components are identified through stratification by P amount, linear correlation analysis, and use of the recycling ratio R. Finally, a discussion of the synoptic aspects provides physical insight into the WVB differences between our study regions.
Stratification of WVB
Mean WVB component values for the MW, SGP, and EM regions are presented in Table 2 for "small" and "large" P categories. Over the MW and SGP, the MFD decreases as P increases and becomes negative (convergent) for large P . This is in pronounced contrast to the situation in the EM, where the positive mean MFD for small P increases further for large P. From Table 2 it is apparent that the original IF/A values for each P category are of similar magnitude in the three regions, but for the EM the normalized IF/A is considerably lower than that for North America. This result is consistent with the lower winter PW in the EM, compared to the high summer PW in North America. Another interesting finding involves the behavior of dPW in the three regions. For small P some moisture storage occurs in all regions, while for large P there is moisture depletion in the MW and EM and small storage for the SGP. Table 3 gives mean values of the WVB components for the EM1 and EM2 regions associated with MRDs in Israel determined by the procedure outlined in Sect. 2.4. This P stratification essentially corresponds to the "Large P" category shown in Table 2 . The WVB component for the maritime EM1 region, which partly overlaps EM, shows a behavior similar to that of the large P in the EM. In EM2, MFD drops to zero, presumably because of intensified IF/A downwind of EM1.
Correlation between WVB components
For the MW, SGP, and EM regions, the linear correlation coefficients were calculated between all WVB components. Table 4 presents the key correlation values obtained along with information on their statistical significance based on Zangvil et al. (2001) and Jin and Zangvil (2009) . There is a striking similarity between most of the correlations for the two US regions. For both the MW and SGP, there are moderateto-strong correlations (magnitudes of 0.31 to 0.68) between P and MFD, P and IF/A and P and dPW. The correlation between P and E is near zero for the MW and only +0.23 over the SGP. For the EM the correlation between P and MFD also is near zero, while larger correlations occur between P and E (+0.36) and P and IF/A (+0.45). The +0.36 correlation between P and E in the EM emphasizes the important role of water vapor originating in the EM for P in that region. Also, there are strong negative correlations between MFD and dPW in all three regions (−0.60 to −0.68), indicating that the change in atmospheric water vapor storage is affected strongly by the large scale MFD, whereas the correlations of E with dPW are very low (not shown). Finally, there is a good correlation between E and OF/A for the EM, but not for MW and SGP (see Sect. 4).
Recycling
The results also shed further light on the relative importance for P of local E versus externally advected moisture. On one hand, the correlation results in Table 4 clearly emphasize the much stronger overall association of P with other WVB components when the datasets were analyzed in their entirety. However, this bulk approach obscures key information that emerges through the application of the above normalization (for IF/A and R) and stratification (by P) procedures. Before the IF/A normalization, R did not differ considerably between regions except for MW for small P (Tables 2 and  3 ). The prominent characteristic of the normalized R values is the relatively large R in the EM for both small and large P amounts compared to both the MW and SGP (Table 2) . This means that locally evaporated EM sea water constitutes a significant fraction of this region's P. Note also that R in EM2 is smaller by a factor of 2 than R in EM1 (Table 3) . This result is consistent with the significantly lower E over the EM2 land area.
Synoptic controls
From the synoptic point of view, the different behavior of the WVB components between the study regions may be explained in part by the location of maximum P with respect to the mid-upper tropospheric trough. In the Central US, spring and summer precipitation occur when moist southerly flow from the Gulf of Mexico prevails to the east of the surface low (see Fig. 2 based on Holton, 1972, Fig. 7.10) . In contrast, in the EM2 region the southerly flow ahead of the surface low is very dry, and as a result most of the rainfall takes place near or behind the surface cold front in proximity to the upper air 8 A. Zangvil et al.: Comparative study of atmospheric water vapor budget associated with precipitation trough line (Fig. 3) , as described in Aelion (1958) , Zangvil et al. (2003) , and Malka (2006) . In the EM region, maximum P occurs further west, between the upper air trough line and the surface low, known as the Cyprus Low (see Fig. 7 ; in Jin and Zangvil, 2009) . A possible explanation for the positive MFD associated with large P in the EM (Tables 2 and 3) , the OF/A from the region is larger than the IF/A -lies in the E from the eastern Mediterranean Sea. This E may contribute to an increased OF/A resulting in a positive MFD. The high correlation between E and OF/A supports this interpretation (Table 4) .
Summary and conclusions
Separate atmospheric water vapor budget (WVB) analyses were conducted for the: (1) Midwestern US (MW); (2) the Southern Great Plains in the south central US (SGP); and (3) the eastern Mediterranean Sea (EM) and two additional areas (EM1 and EM2), the latter being a coastal region. These analyses identified the following large-scale dynamical and WVB-related processes associated with precipitation (P) in the study regions:
1. For the MW and SGP, the processes associated with increased P include a gradual decrease in moisture flux divergence (MFD), through increased moisture inflow (IF/A), reaching negative values of MFD (convergence).
2. Over the EM, increased P is not related to decreased MFD, since both IF/A and moisture outflow (OF/A) increase at similar rates. However, there is an increase in E with P, which supports the increased OF/A. Hence, the role of E as a source of moisture, or trigger, for P in the EM may be more important for the eastern Mediterranean Sea than in the terrestrial central US. and R obtained in studies of different horizontal scales. Consistent with the possibility raised in 2 above, the normalized R for the EM is larger than those for the MW and SGP. With movement eastwards from EM1 (sea surface) to EM2 (land), there is a drop in the normalized R from 20% in the maritime region to 10%, in the continental region.
4. The major atmospheric agent changing the large-scale atmospheric humidity over the MW, SGP, and EM was shown to be the MFD.
5. From the synoptic point of view, P in the central US was suggested to be associated with moist southerly flow from the Gulf of Mexico advected northwards to the east of a surface low pressure system. For the arid continental EM2 region, the southerly flow ahead of the surface low is very dry, and as a result most P occurs near or behind the surface cold front in proximity to the upper trough line. Over the EM, the location of the rainfall is between the surface low and the mid-tropospheric upper air trough line.
